Antibody-dependent complement killing of Bordetella pertussis after immunization with a three-component acellular pertussis vaccine was characterized. Postimmunization activity was unchanged for about half of the adult vaccine recipients. The responses of the other individuals were complex, with evidence of both beneficial and antagonistic responses occurring, sometimes in the same individual.
We have examined complement killing of the respiratory pathogen Bordetella pertussis in adults immunized with a threecomponent acellular pertussis vaccine. B. pertussis has several defenses against the human complement system. The BrkA protein protects B. pertussis against the bactericidal activity of complement and antibody (3, 7) . However, some individuals are able to mount an immune response that overcomes the BrkA defense, allowing activation of the antibody-dependent pathway of complement and culminating in bacterial death (19, 21) . In a small study, individuals infected with B. pertussis were found to have a more potent bactericidal response than recipients of an acellular pertussis vaccine, and killing of wild-type B. pertussis was associated with an immunoglobulin G3 (IgG3) antibody response to lipopolysaccharide (21) . In another study, bactericidal activity was assessed for paired pre-and postimmunization serum samples from recipients of several different acellular pertussis vaccines (19) , and no improvement in bactericidal activity was noted after immunization.
Antibody-mediated complement killing of bacteria requires the proper antibody against an appropriate antigenic target. To generate the membrane attack complex, antigen on the surface of the bacteria must complex with complement-fixing antibody. IgG1 and IgG3 antibodies fix complement, while IgA antibodies do not. Furthermore, competition between IgA antibodies (which are not capable of activating complement) and IgG antibodies (which can activate complement) for binding to the target antigen has been shown to influence antibody-mediated complement-killing activity (11) . Of the antigens in the threecomponent acellular vaccine, pertactin, an outer membrane protein, could most likely serve as a target for bactericidal activity, and mouse antibodies to pertactin have been shown to be bactericidal (9) . Filamentous hemagglutinin (FHA) exists in both a membrane-bound and secreted form; therefore, only some molecules of FHA could serve as a target for complement-mediated killing. Similarly, pertussis toxin is secreted and could serve only as a transient target for complement-mediated killing. In this study, we wanted to determine whether an acellular pertussis vaccine would elicit antibody-mediated bactericidal activity in an adult population. We observed widely different responses in subjects receiving the same immunization.
Complement-mediated bactericidal killing. Human serum depleted for immunoglobulin with intact complement activity was used as the source of complement. Antibody depletion was achieved by sequential incubations with agarose beads conjugated to protein G, protein L, and protein LA as previously described (2) . Bacteria were grown under conditions that optimize expression of the complement resistance phenotype as previously described (3) . Approximately 3 ϫ 10 5 bacteria were added to wells in 96-well microtiter plates and incubated with heat-inactivated serum as a source of antibody at 37°C with shaking for 1 min to allow antibodies to bind. Complement was added to a concentration of 10%, and the bacteria were incubated for 2 h at 37°C. Serial dilutions of the bacterial suspensions were plated on Bordet Gengou agar (2) . Relative survival was calculated by dividing the number of CFU from samples incubated with intact complement by the number of CFU from the negative-control samples, which were incubated with heatinactivated serum lacking complement activity. Bactericidal activity is the inverse of relative survival. The mean bactericidal activity was determined from at least three independent trials for each serum sample at each dilution. Logarithmic values were compared using the Student t test. Each serum sample was tested in the absence of complement to ensure that it lacked activity. A pooled preparation of human serum plus complement served as a positive killing control, and antibodydepleted complement in the absence of added antibody served as a negative control.
Sera from vaccine recipients. Serum samples were obtained from a subset of volunteers in a prospective randomized double-blind trial conducted at eight National Institutes of Health study sites in the United States over a 2-year period. Subjects from the Cincinnati, Ohio, site were recruited and randomized to receive either a three-component (FHA, pertussis toxoid, and pertactin) acellular pertussis vaccine lacking diphtheria and tetanus antigens, manufactured by GlaxoSmithKline (GSK), or a hepatitis A vaccine (Havrix; GSK). The adult vaccine, designed as a booster dose, contains one-third as much antigenic material as the GSK pediatric formulations, Infanrix and Pediarix (13) .
We obtained 34 paired pre-and postimmunization serum samples as part of the blind study. Serum was collected prior to immunization and approximately 30 days later. The placebo group received hepatitis A vaccine (19 individuals), and the pertussis group (15 individuals) received the three-component (pertussis toxoid, FHA, and pertactin) acellular pertussis vaccine formulated for adults. Enzyme-linked immunoadsorbent assay (ELISA) was used to measure IgG and IgA antibodies as previously described (13) . Purified protein (pertussis toxin, FHA, or pertactin) was obtained from GSK. The United States Food and Drug Administration reference serum (14) , control serum, and subject serum specimens were added to each plate. The ELISA units were computed using UnitCalc software (Stockholm, Sweden) based on the reference line method.
Bactericidal activity. As observed previously (19, 21) , all of the adults in this study population had previous exposure to B. pertussis or cross-reacting antigens, as evidenced by bactericidal activity against the complement-sensitive BrkA mutant RFBP2152 (8) (data not shown). The ability to kill the wildtype, complement-resistant strain, BP338 (20) , was used to assess the presence of bactericidal antibodies with the potential to mediate clearance of B. pertussis in vivo.
Bactericidal activity was determined for pre-and postimmunization sera. Three different concentrations of antisera were examined, with complement maintained at a constant concentration of 10%, which approximates the amount of complement on healthy human mucosal surfaces (4, 17) . Bactericidal activity was plotted on a logarithmic scale, and the logarithmic mean values are shown in Fig. 1 . The range of bactericidal activity prior to immunization was quite large and varied by more than 4 orders of magnitude for serum added at 10%.
The preimmunization responses were compared to the postimmunization values using a paired t test (Fig. 1) . Pre-and postimmunization responses were not different for individuals receiving the hepatitis A vaccine for any of the serum concentrations (Fig. 1B) . For individuals receiving the pertussis vaccine (Fig. 1A) , the preimmunization activity was not significantly different from the postimmunization activity when the highest serum concentration (10%) was tested. However, bactericidal activity increased significantly after immunization with the pertussis vaccine when the activity was compared using a more-dilute serum concentration of 1.0 or 0.1% (diluted serum) (P Ͻ 0.05). This supports the hypothesis that the pertussis vaccination was responsible for the altered immune responses.
When examined individually, the pre-versus postimmunization bactericidal activity was not significantly different at any dilution tested for 8 of the 15 acellular vaccine recipients. The individuals in the group with unchanged activity after immunization included an individual with undetectable preimmunization activity against the wild-type strain (individual 32-60), and the individual with the highest preimmunization activity (individual 26-47) (Fig. 2) . These results suggest that the level of preimmunization bactericidal activity does not necessarily influence the ability to generate a postimmunization response.
No change in bactericidal activity after immunization was observed when the serum was evaluated at a concentration of 10%. However, statistically significant differences between preand postimmunization bactericidal activity were observed (P Ͻ 0.05) using the paired t test for at least one serum dilution for 7 of the 15 acellular vaccine recipients. Furthermore, evidence of both improved bactericidal activity and reduced bactericidal activity after immunization was found in these seven serum samples. Four individuals displayed improved bactericidal activity after immunization when serum was added at lower concentrations (1.0 or 0.10%) but not at 10% (Fig. 3) . However, in addition to enhanced bactericidal activity, individuals 4-43 and 20-55 displayed evidence of blocking activity, since fewer bacteria were killed when serum was added at 10% than when serum was added at 1%. Blocking activity could occur when antibodies that do not fix complement compete with complement-fixing antibodies for access to antigen. More definitive (Fig. 4) . For these individuals, the postimmunization serum samples had significantly less bactericidal activity than the preimmunization serum samples at a serum concentration of 10%. These results suggest some of the serum samples possessed a complement-blocking activity that was diminished upon dilution. IgG and IgA titers to vaccine antigens. An ELISA was used to measure antibodies to pertussis toxin, FHA, and pertactin as previously described (16) . All of the subjects receiving the acellular pertussis vaccine had increased IgG titers to each of the three vaccine antigens after immunization (Table 1) , and many individuals had increased IgA titers. While all of the subjects displayed elevated antibody responses after vaccination, less than half of the individuals displayed altered bactericidal activity, suggesting that antibody titers determined by ELISA do not directly reflect bactericidal activity.
To understand the relationship between antibody responses and changes in bactericidal responses, the antibody titers for the subjects with unaltered bactericidal activity after immuni- on October 1, 2017 by guest http://iai.asm.org/ zation were compared to those of the subjects with altered bactericidal activity after immunization. The geometric mean preimmunization titers for the group with altered bactericidal activity (Table 1) were greater than those of the group with unaltered bactericidal activity, but only the preimmunization IgG titers to pertactin were statistically significantly different (P Ͻ 0.03 by Student's t test). In addition, postimmunization titers for the group with altered bactericidal activity were also greater than those of the group with unaltered bactericidal activity, and the postimmunization IgG titers to pertactin (P Ͻ 0.005), IgA titers to FHA (P Ͻ 0.02), and IgA titers to pertactin (P Ͻ 0.03) were statistically significant. The antibody titers for the individuals with blocking antibody responses (Fig. 4) were not significantly different from the individuals with improved bactericidal activity or from the group as a whole. The individuals with improved bactericidal activity (Fig. 3) had a higher geometric mean IgG titer to pertussis toxin than the other individuals did (P Ͻ 0.03). The higher pre-and postimmunization titers in the group with altered bactericidal activity suggests that these individuals may have had recent exposure to B. pertussis and as a result mounted a stronger secondary immune response. In a study characterizing antibody responses after administration of the influenza vaccine, very high serum IgA and IgG responses were observed in primed individuals, or those with preimmunization serum antibodies, compared to unprimed individuals (6). The extremely high postimmunization IgA titers to the surface antigens, FHA, and pertactin in the group with altered bactericidal activity are particularly striking. Competition for binding to the bacteria between complement-activating antibodies (such as IgG1) and antibodies which are not capable of activating complement (such as IgA) can influence susceptibility to complement (11) . Competition for antibody binding would occur only when the number of antibody molecules exceeds the number of antigenic sites, which could explain why increased bactericidal activity was observed more often with diluted serum.
For most of the subjects, we cannot determine whether the failure to observe increased bactericidal activity after immunization at high serum concentrations was due to the inability to generate antibodies that fix complement or the development of a blocking response. However, in one case (Fig. 3, 4-43) , immunization appeared to induce the production of both complement-fixing antibodies (observed at low serum concentrations) and complement-blocking antibodies (observed at high serum concentrations), suggesting the concentrated serum possessed a complement-blocking activity that masked the complement-fixing activity observed in the diluted serum. Three other individuals displayed increased bactericidal activity only with diluted serum (Fig. 3) , and perhaps these individuals also possessed a complement-blocking response that prevented increased killing at the highest serum concentration.
It is likely that B. pertussis has evolved to obstruct the generation of the immune response in a way that compromises the ability to effectively clear the microorganisms. The three antigens in the acellular pertussis vaccine (pertussis toxin, FHA, and pertactin), while not in their native conformation, are not necessarily inert protein antigens. All three proteins bind to receptors on the surfaces of human cells that mediate or modulate the immune response. Native pertussis toxin B-subunit can induce T-cell mitogenic activity in the absence of A-subunit enzymatic activity (10) , and it can cause a reversal in the CD4 ϩ /CD8 ϩ ratio in T cells cultured from lymph nodes (12) . FHA can suppress interleukin-12 expression by macrophages, resulting in suppression of Th1-helper T-cell-mediated immune responses (15) . Purified FHA has also been shown to induce apoptosis in macrophages (1) . These activities could influence the class of antibody produced. IgA can be protective; it can block bacterial attachment to mucosal surfaces and limit bacterial colonization. However, antibodies that promote killing of the bacteria would be more protective than antibodies that reduce but do not eliminate colonization.
At least one of the antigens in the acellular pertussis vaccine appears to be able to serve as a target for complement-mediated bactericidal activity. However, in this study and other studies (19, 21) , improved bactericidal responses after immunization were rarely observed, possibly due to induction of antibodies that fail to fix complement. The absence of vaccineinduced bactericidal activity in vitro is consistent with the observation that the pertussis vaccine is effective at preventing severe disease, likely due to pertussis toxin neutralization and blocking attachment to reduce bacterial colonization, but it is less effective at producing a sterilizing immune response (5, 18) . Despite high vaccination rates, the number of reported cases of pertussis in the United States has increased steadily since the 1980s (22) . Developing a pertussis vaccine with a greater potential to elicit bactericidal activity could reduce bacterial carriage and reduce the incidence of disease.
